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METHOD AND DEVICE FOR REMOTE
SENSING AND CONTROL OF LED LIGHTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 14/737,052 filed Jun. 11, 2015 and entitled

“METHOD AND DEVICE FOR REMOTE SENSING
AND CONTROL OF LED LIGHTS,” which 1s a continu-
ation-in-part of, and claims priornity to and the benefit of,
U.S. patent application Ser. No. 14/177,673, which was filed
on Feb. 11, 2014, which 1s a continuation of U.S. patent
application Ser. No. 13/718,366, filed on Dec. 18, 2012,
which 1s a continuation of U.S. patent application Ser. No.
12/683,393, filed on Jan. 6, 2010, which claims prionty to
and the benefit of U.S. Provisional Application No. 61/144,
408, filed on Jan. 13, 2009.

U.S. patent application Ser. No. 14/737,052 1s also a
continuation-in-part of, and claims priority to and the benefit
of, U.S. application Ser. No. 12/948,591, which was filed on
Nov. 17, 2010, and which claims priority to and the benefit
of U.S. Provisional Patent Application No. 61/261,991, filed
on Nov. 17, 2009. This application 1s also a continuation-
in-part of, and claims priority to and the benefit of, U.S.
patent application Ser. No. 12/948,589, which was filed on
Nov. 17, 2010, and which claims priority to and the benefit
of U.S. Provisional Patent Application No. 61/261,991, filed
on Nov. 17, 2009.

U.S. patent application Ser. No. 14/737,052 1s also a
continuation-in-part of, and claims priority to and the benefit
of, U.S. patent application Ser. No. 12/948,586, which was
filed on Nov. 17, 2010, and which claims priority to and the
benefit of U.S. Provisional Patent Application No. 61/261,
991, filed on Nov. 17, 2009. The disclosure of each of these
applications 1s hereby incorporated herein by reference 1n 1ts
entirety.

FIELD OF THE INVENTION

Embodiments of the present invention relate, 1n general,
to light-emitting diodes (LEDs), and more specifically to
sending and control systems and methods related thereto.

BACKGROUND

An increasing number of light fixtures are utilizing light-
emitting diodes (LEDs) as light sources to increase efli-
ciency and provide a longer operational lifetime over con-
ventional mcandescent light sources. While designers using,
incandescent light sources have had decades to work out
problems, LEDs are relatively new and still present some
1ssues that need to be resolved before gaining wide accep-
tance. Their support circuitry, for example, must be com-
patible with as many types of existing lighting systems as
possible. For example, incandescent bulbs may be connected
directly to an AC mains voltage, halogen-light systems may
use magnetic or electronic transformers to provide 12 or 24
VAC to a halogen bulb, and other light sources may be
powered by a DC current or voltage. Furthermore, AC mains
voltages may vary country-by-country (60 Hz in the United
States, for example, and 50 Hz in Europe).

Another 1ssue mnvolves the reaction of LEDs to heat.
LEDs require a relatively low constant temperature 1n com-
parison to incandescent light sources or bulbs. A typical
operating temperature of an mcandescent filament 1s over
2,000 degrees Celsius. An LED may have a maximum
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operating temperature of approximately 150 degrees Cel-
sius, and operation above this maximum can cause a
decrease in the operational lifetime of the LED. The
decrease 1n light output 1s caused at least 1n part by carrier
recombination processes at higher temperatures and a
decrease 1n the effective optical bandgap of the LED at these
temperatures. A typical operating temperature of an LED 1s
usually below about 100 degrees Celsius to preserve opera-
tional lifetime while maintaining acceptable light output.

Multiple LEDs are typically grouped together in each
light fixture to provide the amount of light output necessary
for lighting a room 1n a home or building. LEDs used in light
fixtures are typically considerably higher in light output and
power consumption than the typical colored indicator LED
seen 1n many electronic devices. This increase in the LED
density and power causes an increase in heat buildup 1n the
fixture. In LEDs, an increase in temperature causes an
increase 1n current which, consequently, causes a further
increase in temperature. If left unchecked, the increased
current caused by increased temperature can cause thermal
runaway where the temperature increases to a point where
the LED 1s damaged. Therefore, it 1s important to control the
power supplied to the LEDs to ensure that the temperature
of the LEDs does not exceed the maximum safe operating
temperature. Controlling the power to the LED can gener-
ally be accomplished by controlling the current or control-
ling the voltage, although light output 1s directly related to
current.

Incandescent and tluorescent lighting fixtures 1n buildings
are usually supplied by a line or mains voltage, such as 115
Volts AC at 60 Hertz in the United States. Other single phase
voltages are also used, such as 277 Volts AC, and 1n some
instances other single and multiple phase voltages are used
as well as other frequencies, such as 1n Britain where 220
Volts at 50 Hz 1s common. Power to these lighting fixtures
1s controlled by a wall mounted switch for an on or off
operation, and a dimmer switch can be used to control
brightness levels 1n addition to providing a simple on and off
function.

LEDs 1n light fixtures operate on a much lower voltage
than what 1s typically supplied to a building. LEDs require
low voltage DC so supply power must be converted from
higher voltage AC to DC constant current. Generally a single
white LED will require a forward voltage of less than
approximately 3.5 Volts. It 1s also important to control
current to the LED since excessive current can destroy the
LED and changes 1n current can lead to undesirable changes
in light output.

Some conventional LED lighting systems use thermo-
couples or thermistors to measure temperatures of the LEDs.
These devices are placed 1n a position near the LED and are
connected to a temperature monitoring system using set of
wires that are in addition to the wires powering the LED.
These temperature detection devices cannot directly mea-
sure the actual temperature of the LED die itself since they
necessarily have to be spaced apart from the LED die
because of optics of the LEDs and the LED conductors. In
addition, the extra set of wires between the thermistor and
the monitoring system can be inconvenient, especially 1f the
monitoring system 1s a significant distance from the therm-
istor. Because the thermistors do not directly measure the
actual temperature of the LED die, these devices introduce
some particular mnaccuracies mto the temperature measure-
ment.

Current LED light sources are compatible with only a
subset of the various types of lighting system configurations
and, even when they are compatible, they may not provide
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a user experience similar to that of a traditional bulb. For
example, an LED replacement bulb may not respond to a
dimmer control in a manner similar to the response of a
traditional bulb. One of the difficulties in designing, in
particular, halogen-replacement LED light sources 1s com-
patibility with the two kinds of transformers (i.e., magnetic
and electronic) that may have been originally used to power
a halogen bulb. A magnetic transformer consists of a pair of
coupled inductors that step an mput voltage up or down
based on the number of windings of each inductor, while an
clectronic transformer 1s a complex electrical circuit that
produces a high-frequency (i1.e., 100 kHz or greater) AC
voltage that approximates the low-frequency (60 Hz) output
of a magnetic transformer. FIG. 17 1s a graph 1700 of an
output 1702 of an electronic transformer; the envelope 1704
of the output 1702 approximates a low-Irequency signal,
such as one produced by a magnetic transformer. FIG. 18 1s
a graph 1800 of another type of output 1802 produced by an
clectronic transformer. In this example, the output 1802 does
not maintain consistent polarity relative to a virtual ground
1804 within a haltf 60 Hz period 1806. Thus, magnetic and
clectronic transiformers behave differently, and a circuit
designed to work with one may not work with the other.

For example, while magnetic transformers produce a
regular AC wavelorm for any level of load, electronic
transformers have a minimum load requirement under which
a portion of their pulse-train output 1s either intermittent or
entirely cut off. The graph 1900 shown 1n FIG. 19 1llustrates
the output of an electronic transformer for a light load 1902
and for no load 1904. In each case, portions 1906 of the
outputs are clipped—these portions 1906 are herein referred
to as under-load dead time (“ULDT”). LED modules may
draw less power than permitted by transformers designed for
halogen bulbs and, without further modification, may cause
the transformer to operate 1n the ULDT regions 1906.

To avoid this problem, some LED light sources use a
“bleeder” circuit that draws additional power from the
halogen-light transformer so that it does not engage 1n the
ULDT behavior. With a bleeder, any clipping can be
assumed to be caused by the dimmer, not by the ULDT.
Because the bleeder circuit does not produce light, however,
it merely wastes power, and may not be compatible with a
low-power application. Indeed, LED light sources are pre-
ferred over conventional lights in part for their smaller
power requirement, and the use of a bleeder circuit runs
contrary to this advantage. In addition, if the LED light
source 1s also to be used with a magnetic transformer, the
bleeder circuit 1s no longer necessary yet still consumes
power.

Dimmer circuits are another area of incompatibility
between magnetic and electronic transformers. Dimmer
circuits typically operate by a method known as phase
dimming, in which a portion of a dimmer-input wavetorm 1s
cut ofl to produce a clipped version of the wavelorm. The
graph 2000 shown in FIG. 20 illustrates a result 2002 of
dimming an output of a magnetic transformer by cutting oif
a leading-edge point 2004 and a result 2006 dimming an
output of an electronic transformer by cutting off a trailing-
edge pomnt 2008. The duration (i1.e., duty cycle) of the
clipping corresponds to the level of dimming desired—more
clipping produces a dimmer light. Accordingly, unlike the
dimmer circuit for an mcandescent light, where the clipped
input wavelorm directly supplies power to the lamp (with
the degree of clipping determining the amount of power
supplied and, hence, the lamp’s brightness), in an LED
system the received mput wavetform may be used to power
a regulated supply that, in turn, powers the LED. Thus, the
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input waveform may be analyzed to infer the dimmer setting
and, based thereon, the output of the regulated LED power
supply 1s adjusted to provide the intended dimming level.

One implementation of a magnetic-transformer dimmer
circuit measures the amount of time the mput waveform 1s
at or near the zero crossing 2010 and produces a control
signal that 1s a proportional function of this time. The control
signal, 1 turn, adjusts the power provided to the LED.
Because the output of a magnetic transformer (such as the
output 2002) 1s at or near a zero crossing 2010 only at the
beginning or end of a half-cycle, this type of dimmer circuit
produces the intended result. The output of electronic trans-
formers (such as the output 2006), however, approaches zero
many times during the non-clipped portion of the wavetorm
due to 1ts high-frequency pulse-train behavior. Zero-crossing
detection schemes, therefore, must filter out these short-
duration zero crossings while still be sensitive enough to
react to small changes in the duration of the intended
dimming level.

Because electronic transformers typically employ a
ULDT-prevention circuit (e.g., a bleeder circuit), however, a
simple zero-crossing-based dimming-detection method 1s
not workable. If a dimmer circuit clips parts of the input
wavelorm, the LED module reacts by reducing the power to
the LEDs. In response, the electronic transformer reacts to
the lighter load by clipping even more of the AC waveiorm,
and the LED module mterprets that as a request for further
dimming and reduces LED power even more. The ULDT of
the transformer then clips even more, and this cycle repeats
until the light turns off entirely.

The use of a dimmer with an electronic transformer may
cause yet another problem due to the ULDT behavior of the
transformer. In one situation, the dimmer 1s adjusted to
reduce the brightness of the LED light. The constant-current
driver, 1n response, decreases the current drawn by the LED
light, thereby decreasing the load of the transformer. As the
load decreases below a certain required minimum value, the
transformer engages 1n the ULDT behavior, decreasing the
power supplied to the LED source. In response, the LE
driver decreases the brightness of the light again, causing the
transformer’s load to decrease further; that causes the trans-
former to decrease 1ts power output even more. This cycle
eventually results 1n completely turning off the LED light.

Furthermore, electronic transformers are designed to
power a resistive load, such as a halogen bulb, 1n a manner
roughly equivalent to a magnetic transformer. LED light
sources, however, present smaller, nonlinear loads to an
clectronic transformer and may lead to very different behav-
ior. The brightness of a halogen bulb 1s roughly proportional
to i1ts 1put power; the nonlinear nature of LEDs, however,
means that their brightness may not be proportional to their
input power. Generally, LED light sources require constant-
current drivers to provide a linear response. When a dimmer
designed for a halogen bulb i1s used with an electronic
transformer to power an LED source, therefore, the response
may not be the linear, gradual response expected, but rather
a nonlinear and/or abrupt brightening or darkening.

In addition, existing analog methods for thermal manage-
ment of an LED 1nvolve to either a linear response or the
response characteristics of a thermistor. While an analog
thermal-management circuit may be configured to never
exceed manufacturing limits, the linear/thermistor response
1s not likely to produce an 1deal response (e.g., the LED may
not always be as bright as 1t could otherwise be). Further-
more, prior-art techniques for merging thermal and dimming
level parameters perform summation or multiplication; a
drawback of these approaches 1s that an end user could dim
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a hot lamp but, as the lamp cools 1n response to the dimming,
the thermal limit of the lamp increases and the summation or
multiplication of the dimming level and the thermal limit
results 1n the light growing brighter than the desired level.

Therefore, there 1s a need for a power-eflicient, supply-
agnostic LED light source capable of replacing different

types of existing bulbs, regardless of the type of transformer
and/or dimmer used to power and/or control the existing

bulb.

SUMMARY

A thermal-management circuit determines a current ther-
mal operating pomnt of an LED. By referencing stored
thermal operating range data specific to that type or category
of LED, the circuit 1s able to adjust power to the LED
accordingly. The stored thermal operating range data 1s more
accurate than, for example, data estimated via use of a
thermaistor, so the circuit 1s able to run the LED brighter than
it otherwise could be.

In one example, a thermal-management circuit for an
LED 1s provided. The circuit has a temperature sensor, a
power supply, a current sensor, and a processing device. The
temperature sensor 1s configured to sense a first thermal
operating point and generate a temperature signal indicative
of the first thermal operating point. The power supply 1is
configured to provide a forward drive current to power the
LED, the forward drive current having a first LED operating
current component and a {irst thermistor current component.
The current sensor 1s configured to detect the first LED
operating current component. The processing device 1s con-
figured to (a) recerve the temperature signal from the tem-
perature sensor; (b) recerve a signal indicative of the first
LED operating current component; (¢) determine a thermal
operating range of the LED; (d) responsive to receiving the
temperature signal from the temperature sensor, receiving,
the signal indicative of the first LED operating current
component, and determining the thermal operating range of
the LED, determine the first thermal operating point of the
LED 1s outside the thermal operating range of the LED; and
(¢) generate a first control setting configured to adjust the
first LED operating current component to a second LED
operating current component, and to cause the LED to be
driven at a second thermal operating point, the second
thermal operating point within the thermal operating range.

In another example, a method of thermal management for
an LED 1s provided. The method includes (a) providing a
torward drive current to power the LED, the forward drive
current having a first LED operating current component and
a first thermistor current component; (b) detecting the first
LED operating current component; (c) sensing a {irst ther-
mal operating point of the LED; and (d) generating a
temperature signal indicative of the first thermal operating
point. The method also includes (e) determining a thermal
operating range of the LED; (1) determining that the first
thermal operating point of the LED 1s outside the thermal
operating range of the LED; and (g) generating a {irst control
setting configured to cause the LED to be driven at a second
operating point, the second thermal operating point within
the thermal operating range.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, like reference characters generally refer
to the same parts throughout the different views. Also, the
drawings are not necessarily to scale, with an emphasis
instead generally being placed upon illustrating the prin-
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ciples of the invention. In the following description, various
embodiments of the present invention are described with

reference to the following drawings, 1n which:

FIG. 1 1s a block diagram of a control system for
determining a temperature of a light emitting diode;

FIG. 2 1s an equivalent circuit diagram of a light emitting,
diode used for determining the temperature of the light
emitting diode;

FIG. 3 1s a graph of experimental and theoretical results
for temperatures determined;

FIG. 4 1s a block diagram of a circuit for determining an
ambient temperature;

FIG. 5a 15 a block diagram of a circuit for determining an
ambient temperature using conductors for powering the light
emitting diode;

FIG. 5b 1s another block diagram of the circuit for
determining an ambient temperature using conductors for
powering the light emitting diode;

FIG. 6 1s a diagrammatic illustration, in elevation, of a
control system having a switch for controlling a light
emitting diode mounted 1n a light fixture 1n a room:;

FIG. 7 1s a block diagram of a control system having an
interface for transferring data to a supervisory system;

FIG. 8 1s a block diagram of a control system for
determining a temperature of more than one light emitting
diode;

FIG. 9 1s another block diagram of a control system for
determining a temperature of more than one light emitting
diode;

FIG. 10 1s a flow diagram illustrating a method for
determining a temperature of at least one light emitting
diode;

FIG. 11 1s a flow diagram illustrating a method for
determining a temperature near at least one light emitting
diode 1n a circuit;

FIG. 12 1s a tlow diagram 1illustrating a method for
clectrically communicating with at least one LED assembly
to control the LED assembly;

FIG. 13 1s a block diagram of an LED lighting circuit in
accordance with embodiments of the invention:

FIG. 14 1s a block diagram of an LED module circuit in
accordance with embodiments of the invention:

FIG. 15 1s a block diagram of a processor for controlling
an LED module 1n accordance with embodiments of the
invention;

FIG. 16 1s a flowchart of a method for controlling an LED
module 1n accordance with embodiments of the invention:

FIG. 17 1s a graph of an output of an electronic trans-
former;

FIG. 18 1s a graph of another output of an electronic
transformer;

FIG. 19 1s a graph of an output of an electronic trans-
former under different load conditions; and

FIG. 20 1s a graph of a result of dimming the outputs of
transformers.

DETAILED DESCRIPTION

While this mvention 1s susceptible to embodiment 1n
many different forms, there are shown in the drawings, and
will be described herein in detail, specific embodiments
thereol with the understanding that the present disclosure 1s
to be considered as an exemplification of the principles of
the invention and 1s not to be limited to the specific embodi-
ments described. Descriptive terminology such as, for
example, uppermost/lowermost, right/left, front/rear and the
like has been adopted for purposes of enhancing the reader’s
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understanding, with respect to the various views provided in
the figures, and 1s 1n no way intended as been limiting.

Referring to the drawings, wherein like components may
be 1indicated by like reference numbers throughout the
various figures, FI1G. 1 illustrates one embodiment of a light
emitting diode (LED) control system, indicated by the
reference number 100 within a dashed line. Control system
100 1s electrically connected to an LED 102 using a first
LED conductor 104 and a second LED conductor 106. LED
102 1s operable to produce light, represented by arrows 108,
when the LED recerves an operating current 110 through the
LED conductors 1n a range ol operating currents and
receives an operating voltage 112 in a range of operating
voltages across the LED conductors. In the present embodi-
ment, control system 100 includes a power supply 114 which
1s connected to a line power source 116 through line con-
ductors 118. The utility power source provides an AC line
voltage at a typical line voltage, such as 110 Volts RMS, to
power supply 114. Power supply 114 converts the utility
power to the operating voltage 1n the range of operating
voltages and applies the operating voltage to the LED
conductors. Power supply 114 also converts the ufility
power to operating current 110 1n the range of operating
currents and applies the operating current to the LED
conductors.

A separate transformer (not shown in FIG. 1) can be used
for transforming the line power from the line voltage source
to a transformed power. In this instance, the power supply
receives the transformed power from the transformer and
produces the operating current and operating voltage as
discussed.

Power supply 114 can be controlled by a controller 120
through a control line 122. Controller 120 provides a current
control signal 124 which controls the amount or magnitude
of the operating current applied to the LED conductors. The
amount of light produced by the LED 1s directly related to
the amount of operating current that the LED receives.
Theretfore, by controlling the operating current, the control-
ler can control the amount of light produced by the LED.
Controller 120 can be connected to a current measurement
analog to digital (A/D) converter 126 or other current sensor
which detects the magnitude of the operating current and
produces a current sensed signal 128 that 1s supplied to the
controller through a current sensed signal line 130. Using the
current sensed signal, the controller can determine the
present level of the operating current and can change current
control signal 124 to adjust the magnitude of the operating
current. As an alternative or 1 addition to sensing the
current with the current sensor, the current can be deter-
mined by producing the current at a known magnitude.

A voltage measurement A/D converter 132 or other volt-
age sensor 1s connected between the first and second LED
conductors using voltage sensor conductors 134 and 136.
Converter 132 detects the voltage across the LED conduc-
tors and produces a voltage sensed signal 138 on a voltage
sensed signal line 140. The voltage sensed signal line 1s
connected to controller 120, which receives the voltage
sensed signal 138 and can determine the operating voltage
that 1s supplied to LED 102. It should be noted that while
LED 102 1s presently discussed as a single LED, many of the
concepts and embodiments are applicable to multiple LED’s
as well. Specific examples of multiple LED systems will
also be discussed below.

Controller 120 can include a processor 142, a clock 144
and a memory 146 along with software, not specifically
shown, which enables the controller to determine the oper-
ating current and the operating voltage based on the current
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sensed signal 128 and the voltage sensed signal 138, respec-
tively. The software can be configured to operate the con-
troller as required i1n view of the overall disclosure. Con-
troller 120 can also store values of the operating current and
voltage 1n the memory along with the times at which the
stored values occurred, among other things.

Current flowing through the LED causes the LED to
produce heat as well as light. The LED 1s operable at an
operating temperature which 1s at a safe level i1 it remains
below a maximum temperature. If the temperature exceeds
the maximum temperature then the LED can be subject to
thermal damage which can reduce the lifetime of the LED or
cause rapid failure of the LED. In some 1nstances, the heat
causes an internal resistance of the LED to decrease which,

in turn, increases the amount of current that flows through
the LED which increases the heat produced. Left unchecked,
the LED enters a condition of thermal runaway where the
heat caused by the increased current which 1s caused by the
heat eventually causes the temperature of the LED to exceed
the maximum temperature and the LED {fails.

In the present embodiment, control system 100 can deter-
mine the temperature of the LED based on electrical mea-
surements through the two LED conductors. This allows the
control system to set the operating current to prevent the
LED from overheating as well as allowing for the determi-
nation of the operating lifetime of the LED, among other
things. Turning now to FIG. 2, a diode equivalent circuit 150
1s shown connected to first LED conductor 104 and second
LED conductor 106. In general, LED 102 can be represented
by the diode equivalent circuit which includes a diode
junction 152, a series resistance 154 and a shunt resistance
156. Using the diode equivalent circuit, operating current
104 can be determined by the following i1deal diode equa-
tion:

V—Eg]

{= J’.;;,exp[ T

Where 1 1s the operating current flowing through the LED,
I, 1s a constant depending on the LED properties, V 1s a
voltage applied across the diode junction of the LED, E, 1s
a value that 1s closely related to the optical band gap of the
semiconductor at the diode junction referred to as the
“effective” optical band gap, A 1s a constant known as the
diode factor which 1s usually a value between 1 and 2, k 1s
Boltzmann’s constant and T 1s the temperature of the semi-
conductor diode junction in degrees Kelvin.

At relatively lower voltages, below about 1.5 to 2 volts,
shunt resistance 156 of the equivalent circuit appears to
dominate and the current-voltage-temperature behavior
deviates from what 1s predicted by | Jquatlon 1. However, at
these lower voltages the LED remains cool and produces
little usetul hght At relatively higher voltages, above about
2.5 volts, series resistance 154 appears to dominate and the
current-voltage-temperature behavior deviates from Equa-
tion 1. These higher voltages are near the limit of LED
operation.

The effective shunt resistance 1s a result of surface and
junction imperfections while the series resistance results
from sheet resistance of the semiconductor doped layers,
contact resistance and the wires. In reverse bias, the effective
shunt resistance 1s extremely high as the junction depletion
width increases. This insulating layer allows for essentially
no current flow through the reverse biased LED. In order to
avoid the accumulation of destructive levels of electrostatic
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charge, a Zener diode (not shown) 1s usually placed across
the diode to drain off current at voltages above about 5 volts.

Equation 1 describes the current, voltage and temperature
operation of the LED to an acceptable level of accuracy
within a range ol operating voltages where the operating
voltage 1s above where the shunt resistance dominates and
below where the series resistance dominates. In one embodi-
ment, this range 1s from about 1.5 V to about 2.5 V, however
this range may be larger or smaller depending on charac-
teristics of the LED. By knowing the values, other than T in
Equation 1, the temperature of the actual diode die 1tself can
be determined.

One of the values needed to determine the temperature 1s
the effective optical band gap value, E . The efiective optical
band gap 1s nearly the same for all white LED’s since most
LED’s use blue light to produce the white light, even when
different semiconductor materials are used. In many white
LED’s, the blue or UV light 1s used to excite phosphor to
produce white light in the white LED’s. Applicant has
empirically demonstrated with several commercial LED’s
that the eflective optical band gap 1s 3.2 eV. The diode factor
A 1s taken to be 2, which 1s usually a good assumption for
LED’s for diodes where junction recombination dominates.
The eflective band gap can also be determined for the LED
by solving Equation 1 for E_ 1t all of the other variables in
Equation 1 are known.

Another value that can be determined 1s the series resis-
tance 154. Given the limitations of series and shunt resis-
tances, 1t can be important to measure the current voltage
relationship 1n the proper range of values. By determinming
the series resistance the temperature can be determined
below where the series resistance dominates and where an
acceptable level of accuracy can be obtained. At high current
the voltage applied to the LED drops across the diode as well
as the series resistance. The actual diode voltage can be
devolved from the total operating voltage 112 from the
equivalent circuit shown in FI1G. 2. The operating voltage, V
at a measured current I 1s divided across the two circuit
clements Rs and the diode 152 as follows in Equation 2
where Rs 1s the series resistance and Vd 1s the voltage across

the diode.
V=IRs+Vd

Because the series resistance Rs 1s a constant and does not
vary, the exponential dependence of the diodes 1I-V relation-
ship can be separated from the linear relationship of the
series resistance by performing measurements at several
different currents and voltages and solving for the diode’s
variables. Equation 2 can be solved for the diode voltage
Vd=V-IRs which can then be substituted into Equation 1 to
give the following Equation 3 for determiming the series
resistance.

(V — IRs) — Eg]
AKT

= Iyexp

A comparison of experimental data with results obtained
using Equation 1 1s shown in a graph 160 1n FIG. 3. Graph
160 shows a plot of a log of operating current 110 plotted
against operating voltage 112 at three diflerent experimental
temperatures; 260 degrees Kelvin, 295 degrees Kelvin and
383 degrees Kelvin (hereinafter K). A value of 5x10° Amps
was used in Equation 1 for I, to make the calculated data fit
the experimental data. The experimental data was obtained
by immersing the LED 1n a temperature controlled mineral
o1l bath while the data was taken. A thermocouple was

10

15

20

25

30

35

40

45

50

55

60

65

10

welded to a metal slug of the LED to measure the tempera-
ture of the LED and o1l bath and the operating current and
operating voltage were measured.

The experimental results for the log current vs. voltage
points at 260 K are shown by small circular dots, some of
which are indicated by the reference number 162, the
temperature curve of theoretical results obtained using
Equation 1 for the temperature of 260 K are represented by
dashed line 164. Data points for the experimental results of
the current vs. voltage at 295 K are shown as X’s, some of
which are indicated by the reference number 166. Solid line
168 1s a temperature curve that shows the theoretical results
obtained using Equation 1 with the 295 K temperature. The
experimental results for current vs. voltage at 383 K are
shown by circular dots, some of which are indicated by the
reference number 170. A temperature curve of the theoretical
results obtained using Equation 1 at 383 K are shown by
dashed line 172. Key 174 also shows which imnformation 1s
experimental and which was obtained using Equation 1 for
subsequently generating the three linear plots.

As shown 1n graph 160, at relatively higher currents and
voltages the experimental current vs. voltage points deviate
from those predicted by Equation 1. While not intending to
be bound by theory, this may be at least partially due to the
series resistance of the LED and may indicative of wasted
power 1n the form of heat. It 1s likely that low temperature
measurements are affected by self-heating of the LEDs. A
reasonably accurate determination of temperature can be
obtained by the theoretical results by using current and
voltage that correspond to areas of the temperature curve
where there 1s suflicient agreement between experimental
and theoretical results.

As seen 1n graph 160, as the temperature 1s increased, the
temperature curve moves to the left and the slope of the
curve decreases. Therefore by determining a point on the
graph of current and voltage of an LED, the temperature of
the LED can be determined based on where the point falls
on the graph. Also, by determining more than one point
based on more than one current and voltage, the slope of the
temperature curve can be determined which can then estab-
lish the temperature for the multiple points. Further, by using
Equation 1, a given current and voltage can be used to
determine a single temperature of the LED at a given time.

Control system 100 (FIG. 1) can determine the tempera-
ture of LED 102 through the two wire connection to the LED
using the first and second LED conductors 104 and 106.
Operating current 110 can be provided by power supply 114
at a known amplitude. Operating voltage 112 can be deter-
mined by voltage measurement A/D converter 132. Given
this information along with Equation 1 as discussed above,
controller 120 can determine the operating temperature of
LED 102 based on current tlow and voltage across the LED
conductors. This allows the temperature of the LED to be
determined from a location that 1s remote from the LED
without the need for additional wires to connect to the LED.
This also provides an accurate determination of the actual
temperature of the LED die itself, not the temperature of the
atmosphere around the LED as provided by a thermal
detection device that 1s located 1n the thermal pathway of the
LED.

In one embodiment, controller 120 controls power supply
114 to produce a pulse 111 of current that 1s superimposed
on operating current 110 through the LED conductors. This
current pulse can be produced at a known magnitude or the
current can be accurately measured with current measure-
ment A/D converter 126. Current pulse 111 1s shown 1n the
present example as a negative pulse which lowers the
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operating current while still keeping the operating current
positive, but other pulse shapes can also be used. The current
pulse causes voltage 112 to react with a corresponding
voltage pulse 113 which can be measured using the voltage
measurement A/D converter 132. Voltage pulse 113 i1s a
temporary reduction in operating voltage that still maintains
the forward bias across the LED. Controller 120 then uses
the amplitudes of the current and voltage pulses to determine
the temperature of the LED using Equation 1. A voltage
pulse can be used 1n place of the current pulse. In this
instance, the voltage pulse would be applied to the LED
conductors at an amplitude that i1s either known or sensed
and the resulting current pulse can be measured using the
current measurement A/D converter. It should be understood
that measurements of current or voltage pulses can be
accomplished i a number of different ways 1n view of the
recognitions that have been brought to light herein. In one
embodiment, an average temperature of groups of LEDs that
are arranged 1n series or parallel can be determined based on
one or more current pulses through the LED:s.

The current pulse can be an 1ncrease or a decrease in the
operating current, and the current pulse can also be in the
shape of a ramp, triangle wave or other shape that provides
more than one current. In the case where the current pulse
includes a shape such as the ramp, the current pulse will
provide more than one different current amplitude which, in
response, will cause the voltage to exhibit more than one
different voltage amplitude. These multiple corresponding
currents and voltages can then be used to determine the
temperature either based on points on a graph, such as graph
160, or based on a slope of a temperature curve. In one
example, the current pulse can be used to put the corre-
sponding sensed voltage in a voltage range, described above,
between where the series resistance of the LED and the
shunt resistance of the LED dominate. Multiple different
pulses can also be used and the pulses can be produced at
regular intervals, or based on the temperature determined or
on other parameters. In some 1nstances, power supplies can
provide anomalies such as ripples in the current which can
be used as the current pulse. Switching type power supplies
are one example of these types of devices.

In one embodiment, the current pulse can be sufliciently
short in duration such that any change in light output by the
LED caused by the pulse 1s not perceivable by humans. This
avoids any percerved flickering of the light level that would
not be desirable 1n a lighting system that 1s used at least
partially for illumination for human perception. High per-
sistence phosphors can be used so that a longer pulse
duration can be used. The longer pulse can improve the
accuracy of the temperature determination by allowing for
the use of a more accurate A/D converter which uses a
longer sampling time and can average out random noises
and other interference.

By determining the temperature of the LED, control
system 100 can control the operating current to the LED so
that the LED temperature 1s maintained at a safe operating
temperature below which heat damage to the LED can occur.
Controller 120 can be programmed with the maximum safe
operating temperature of the LED and can compare the
determined temperature with the safe operating temperature.
The controller can raise or lower the operating current until
the LED operates at a desired operating temperature. The
controller can also provide other control functions.

The control system can also record the determined tem-
peratures to a {ile 1n the memory along with the time of the
temperature. In this way, the control system can keep a
running tally of the operating temperature of the LED and
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time of operation of the LED to project the lifetime of the
LED. The memory can be non-volatile memory so that the
system can remember the temperature of the LED in the
event of a brief power failure. When power 1s restored, this
allows the control system to resume operation of the LED by
setting the operating current based at least partially on the
stored operating temperature. Operating current and/or oper-
ating voltage or other parameters can also be stored into
memory for tracking other information regarding the LED.
For instance, by tracking operating current, operating volt-
age and time, the control system can monitor power con-
sumption of the LED. Overall operating time of the LED can
be tracked by momitoring the time that operating current
and/or operating voltage are applied to the LED.

Yet another embodiment 1s 1llustrated 1n FIG. 4, where a
control system 180 includes a connection with a thermistor
182. Thermistor 182 1s electrically connected to controller
120 with thermistor conductors 184 so that the controller can
determine a thermistor temperature at the location of the
thermistor by determining a resistance of the thermistor. In
the embodiment shown in FIG. 4, thermistor 182 1s located
remote from LED 102 but 1s 1n the same thermal environ-
ment as the LED. By bemng in the same environment,
thermistor 182 and LED 102 are essentially at the same
temperature prior to operation of the LED at startup or after
the LED has had suflicient time to cool to the ambient
temperature after operation. In this way, thermistor 182 can
be used to determine a temperature of the LED. This
operation could be conducted after the LED and control
system are installed where they are to be used, or could be
conducted during a manufacturing process prior to installa-
tion. Thermistor 182 can also be mounted near the LED
and/or within the same enclosure as LED 102, such as within
a light fixture. In this case, the thermistor conductors would
reach from the controller to the location of the thermistor
near the LED. Also, this allows the control system to be in
a different thermal environment from the LED and therm-
1stor.

In another embodiment, shown 1in FIGS. Sa and 554, a
thermistor 186 1s electrically connected 1n parallel with LED
102 and 1s positioned 1n a thermal pathway to receive heat
from the LED. Thermistor 186 1s chosen to have an effective
resistance range that 1s lower than an eflective resistance of
the LED when reverse biased. At a reverse bias voltage, up
to about -5 Volts, the reverse bias resistance of the LED 1s
extremely high. The thermistor can also be chosen to have
a forward voltage bias resistance that 1s much higher than an
ellective forward voltage resistance of the LED. As shown
in FIG. 5a, a control system 188 can apply a current pulse
189 to the LED conductors such that a reverse bias voltage
pulse 191 1s created and a reverse bias voltage 199 1s seen
across the LED. The current pulse 189 causes a reverse drive
current 193 1n the LED conductors. One portion of the
reverse drive current flows through the LED as a leakage
current 195 which does not cause the LED to produce light.
Another portion of the reverse drive current tlows through
the thermistor as a reverse thermistor current 197.

By selecting the resistance range of the thermistor to be
small enough 1n comparison to the reverse bias resistance of
the LED, the leakage current flow through the LED 1s
insignificant compared with the reverse thermistor current
flow through the thermistor and therefore the leakage current
can be 1gnored while still gaining a reasonably accurate
temperature measurement from the thermistor. When deter-
mined at startup or when the LED 1s at ambient temperature,
the temperature of the thermistor 1s the same as the LED
temperature. Connecting the thermistor in parallel with the
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LED allows the thermistor to be positioned with the LED
and away from the control system while maintaining the
advantage of only using the two LED conductors for pow-
ering the LED and for temperature determination.

Operation of the LED to produce light 1s shown 1n FIG.
5b where a forward drive current 201 1s applied to the LED
conductors. Forward drive current 201 includes one portion
which flows through the LED and 1s referred to as the
torward operating current 203 and another portion that tlows
through the thermistor which 1s referred to as a forward
thermistor current 205. The forward drive current produces
a forward operating voltage 207 across the LED.

By determining an ambient temperature of the LED,
applying a current pulse to the LED, determining a magni-
tude of the current pulse and the resulting magnitude of
voltage pulse, the controller has three variables; current,
voltage and temperature, that can be used in Equation 1.
Using the values determined for these variables, and sup-
plying known or estimated values for other parameters, the
controller can solve Equation 1 for any one of the remaining
parameters. For instance, knowing the operating current,
operating voltage, temperature, I, and the diode factor A, the
controller can calculate the effective band gap E_.. By
knowing the other variables, the diode factor can be calcu-
lated. The thermistor temperature can also be used in a
calibration procedure to increase the accuracy 1n later deter-
miming the temperature using the operating current and
operating voltage. The thermistor can be included i1n the
diode package along with the LED die and in some cases a
zener diode.

As can be understood by the present disclosure, the
control system of the several embodiments disclosed can be
located remotely from the LED or within the same enclosure
as the LED, such as within a light fixture. One or more
components of the control system can also be arrange on one
or more integrated circuits which can be included 1n a single
LED package along with the LED die.

One embodiment 1n which the control system 1s located
remotely from the LEDs 1s shown 1n FIG. 6. In this embodi-
ment, the control system 1s included 1n a switch assembly
190 that 1s installed at a fixed location 1n a wall 192. Switch
assembly 190 includes a switch 191 for controlling the
application of power to LED 102 through LED conductors
104 and 106. LED 102 can be 1nstalled 1n a lighting fixture
194 that can be mounted 1n a fixed position 1n a ceiling 196
within a room 198 with wall 192 and switch assembly 190.
The switch can be a line voltage switch 1n which case the
line voltage 1s controlled by the switch before 1t 1s passed to
the control system. In the embodiment shown 1n FIG. 6, the
line voltage 1s connected to a control system 200 using line
conductors 118. Switch 191 1s connected using switch
conductors 204 to controller 120 within the control system
to control power to the LEDs through the control system.
Switch assembly 190 can have an on/ofl function and/or
dimming capabilities through control by the controller. A
display 206 can be included and connected to the controller
with a display conductor 202 to indicate the status of the
switch and/or the LED to a user. The display can be one or
more colored indicators or can be a screen type display.

Switch assembly 190 can be configured to fit within and
connect to a conventional single-gang electrical box 210
such as those typically used for mounting a conventional
single-pole line voltage switch 1 a wall.

Another embodiment of the control system 1s shown 1n
FIG. 7. Control system 220 includes an interface 222 for
transferring data gathered by the control system to a super-
visor system 224. Data can be transferred from controller
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120 to interface 222 over an interface conductor 223. The
supervisor system can be a system that 1s used for building
control and/or monitoring and can receive data gathered by
multiple control systems controlling multiple LEDs at dii-
ferent locations. Information regarding power usage, tems-
perature, operable lifetime of the LED and other usetul
information based on time, temperature, current and/or
voltage can be transmitted between control system 220 and
supervisor system 224. Control system 220 and/or supervi-
sor system 224 can include displays for notifying users of
the status of the LED. The supervisor system can provide
control 1nstructions to the control system to cause i1t to
control light output. The mterface can connect to the super-
visor system using a cable 226 such as an Ethernet cable,
over the line conductors 118 or can use wireless communi-
cations such as a ZigBee™ or other type of wired or wireless
communication to a building information system.

Another embodiment 1s shown m FIG. 8 in which a
control system 2350 1s arranged for monitor and control of
multiple LEDs. Control system 250 includes a power supply
251 with a transformer 252 that 1s connected to receive line
power from line power source 116 through line power
conductors 118. Transformer 252 transforms the line volt-
age, which 1s 115 Volts AC 1n the present case, to 12 Volts
AC. Line voltage 1s typically over 100V AC, for the present
embodiment. Power supply 231 also includes a current
controller 256. The transformer i1s connected to current
controller 256 using a power supply conductor 258 to supply
the 12 Volt power to the current controller. Power supply 251
1s configured to use the 12 Volts AC to supply an operating
current and operating voltage to multiple LEDs. For 1llus-

trative purposes 1n the present embodiment, the current
controller 1s connected to two different LEDs, LED 260 and
LED 262. LEDs 260 and 262 can be separate LEDs 1n one
fixture, can be separate LEDs in separate fixtures or each
LED 260 and 262 can each represent multiple LEDs that are
connected together and/or with other LEDs within a similar
thermal environment in a series, parallel or series-parallel
circuit arrangement. LED 260 1s connected to current con-
troller 256 using LED conductors 264 and LED 262 1s
connected to current controller 256 using LED conductors
266. Current controller 256 powers LEDs 260 and 262
through the respective LED conductors.

Control system 250 also includes a temperature monitor
2770 that 1s connected to the current controller using a control
line 272. Temperature monitor 270 1ncludes a processor as
well as current and voltage A/D converters that are not
specifically shown 1n this example. Temperature monitor
270 sends control signals over control line 272 to the current
controller to set the operating current to each of the LEDs.
Based on the known operating characteristics and limitations
of the LEDs, a processor of the temperature monitor can
regulate the operating current to the LEDs via controlling
the DC current or pulsed DC current. That control may make
use of user preferences to maintain constant light output
and/or to maintain long life. Temperature monitor 270 can
also control the current controller to produce current pulses
for measurement purposes over each of the LED conductors.

A multiplexer 274 1s connected to LED conductors 264
and 266 using multiplexer conductor lines 276 and 278,
respectively. Multiplexer 274 1s connected to the tempera-
ture monitor using a control line 280 and a signal line 282.
Temperature monitor 270 controls the multiplexer through
the control line to selectively receive signals from one or the
other of LED conductors 264 or 266 through multiplexer
conductor lines 276 or 278. The multiplexer then passes the
selected signals to the temperature monitor through signal
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line 282. The temperature monitor then determines the
current and voltage on the selected LED conductor and
calculates the corresponding temperature of the LED con-
nected to the selected LED conductor. Temperature monitor
270 can then control the current controller to adjust the
operating current of the selected LED based on the tem-
perature. This process can then be repeated for the LED that
was not previously selected. In this way, each of the LEDs
in the system can be monitored for temperature, current,
voltage and power usage so long as they have a separate
clectrical connection to control system 250.

Control system 250 can be included 1n a switch assembly
with a switch, as previously discussed, and the switch
assembly can be arranged for installation 1n a wall of a room
to control LEDs supplying light to the room. Control system
250 can also include an interface for communicating with a
supervisory system as previously discussed. Using control
system 250 with a supervisory system allows the supervi-
sory system to monitor and/or control multiple LEDs on an
individual basis.

Another multiple LED arrangement 1s shown in FIG. 9
wherein a control system 300 1s connected to two LEDs 302
and 304 that are electrically connected in series. The number
of LEDs shown 1n FIG. 9 1s exemplary of a system with
multiple LEDs. The LEDs connect to the control system
using LED conductors 310 and 312. LEDs 302 and 304 each
include an integral heat sink 306 and 308, respectively, that
are electrically connected to the LED die. The heat sinks are
clectrically connected to an LED conductor 312 using
conductors 314 and 316. LED 302 1s connected to LED
conductor 310 using a first power terminal and an LED
conductor 320 connects a second power terminal of LED
302 to a first power terminal of LED 304. A second power
terminal of LED 304 is connected to an earth ground using,
a ground conductor 322.

Control system 300 includes a power supply 330 having
a transformer 332 and a power controller 334. Transformer
332 recetves line power from power source 116 through line
power conductors 118 and transforms the line power from a
higher voltage to a lower voltage which is transterred to the
power controller through a power supply conductor 338.
Transformer 332 can be electronic or electro-magnetic.
Control system 300 also includes a temperature monitor 340
which can have a microprocessor controller. Temperature
monitor 340 1s connected to the power controller using a
control line 342 to pass control signals between the tem-
perature monitor and the power controller. Power controller
334 supplies power to the LEDs at an operating voltage and
at an operating current controlled by the temperature moni-
tor. A current A/D converter 344 1s connected to the tem-
perature monitor using a control line 346 and a signal line
348. In this arrangement, each LED eflectively has three
terminals. Pulses from power controller 334 can be sensed
at each LED using current A/D converter 344 through the
conductors 314 and 316 as the pulse passes through each
LED. Control system 300 can also include a control switch
and can be arranged to fit within the volume envelope of a
typical single-gang junction box.

Each of the LEDs or groups of LEDs can also include an
clectronic module with electronics that respond to an analog
or digital signal command. The signal commands can origi-
nate from a controller 1n a wall switch, or other location.
Each LED module can respond to such commands individu-
ally back to the controller via the conductors 314 or 316 by
producing a pulse which the controller can detect through
current A/D 344. The electronic module can also be arranged
to periodically produce a pulse that 1s unique for each LED
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or group of LEDs. The electronic module can also be
configured to divert all or a portion of the current flowing
through conductor 310 to the conductors 314 or 316 and on
to the current A/D. The controller can record the current-
voltage characteristics and determine a temperature for the
LED connected to the module. The controller can then send
a signal to have the module adjust current in the LED as
required.

Each of the LEDs or groups of LEDs can also have a
passive or active filter tuned to a different frequency. In this
instance, the filter can be used to address the LED individu-
ally. The pulse can include a frequency component which
allows the pulse to be received by a selected individual or
group ol LEDs to allow the temperature of the selected LED
to be determined.

The control system described herein can be used as a
ballast for LED lighting fixtures and much of the control
system can be made in a single IC. The control system
allows the determination of the actual temperature of an
LED, not an estimated temperature based on a temperature
near the LED. The control system can operate using only the
two wires normally connected to power the LED. By using
centralized control and monitor of the LED temperatures
cost for LED fixtures can be reduced over systems in which
cach fixture includes temperature monitoring and control.

A method 500 1s shown in FIG. 10 for determining a
temperature of at least one LED. Method 500 begins at a
start 502 and then proceeds to a step 504 where an operating,
current and operating voltage are provided to the LED
through first and second LED conductors. Following step
504, method 500 proceeds to step 506 where a current pulse
1s superimposed on the operating current to the LED through
the first and second LED conductors. This results i a
voltage pulse that 1s superimposed on the operating voltage.
After step 506, method 500 proceeds to step 508 where the
voltage pulse 1s sensed across the first and second LED
conductors to determine a magnitude of the voltage pulse.
Method 500 then proceeds to step 510 where a current
magnitude of the current pulse 1s determined. Method 500
then proceeds to step 512 where an operating temperature of
the LED 1s determined based on the current magnitude of the
current pulse and the voltage magnitude of the voltage pulse.
Method 500 then ends at step 514.

A method 520 for determiming a temperature near at least
one LED 1n a circuit 1s shown 1n FIG. 11. Method 520 begins
at a start step 522 and then proceeds to a step 524 where a
thermistor 1s arranged across the first and second LED
conductors in parallel with the LED. The thermistor can
have an eflective resistance range in which at least two
different thermistor resistances of the thermistor correspond
to at least two different thermistor temperatures of the
thermistor. The thermistor resistances 1n the effective resis-
tance range are lower than the reverse bias voltage resistance
of the LED and are higher than the forward voltage resis-
tance of the LED. Following step 524, method 520 proceeds
to step 526 where the eflective resistance range 1s selected
such that, when a forward drive current 1s applied to the LED
conductors, one portion of the forward drive current which
flows through the LED 1s the forward operating current and
another portion of the forward drive current which flows
through the thermistor 1s a forward thermistor current which
1s smaller than the forward operating current.

When the reverse bias voltage 1s supplied to the LED
conductors, a reverse drive current tlows through the LED
conductors in an opposite direction than the forward drive
current and one portion of the reverse drive current flows as
a leakage current through the LED and which does not cause
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the LED to produce light and another portion of the reverse
drive current flows through the thermistor as a reverse
thermistor current which 1s larger than the leakage current.
Following step 526, method 520 proceeds to step 528 where
the thermistor 1s positioned 1n a thermal pathway of the LED
to recerve heat produced by the LED during operation of the
LED. The temperature of the thermistor 1s measurable by
determining the thermistor resistance using the reverse
thermistor current and the temperature of the thermistor 1s

related to a temperature of the LED. After step 528, method
520 proceeds to step 330 where the method ends.

A method 350 for electrically communicating with at least
one LED assemb.

y to control the LED assembly 1s shown 1n
FIG. 12. Method 550 begins at a start step 5352 and then

proceeds to a step 354 where a line power source 1s
transformed. The line power source having a line voltage
greater than 100 Volts AC and the line voltage 1s converted
to a transformed power with a transformed voltage that 1s
less than 50 Volts. Following step 554, method 550 proceeds
to step 556 where the transformed power 1s received and an
operating power with at least the operating current 1n the
range of operating currents and the operating voltage 1n the
range ol operating voltages 1s created. After step 356, 1s a
step 558 where the operating current and operating voltage
are selectively supplied to the LED assembly through the
LED conductors to control light output of the LED assem-
bly. Following step 558 1s a step 560 where a temperature of
the LED 1s determined through the LED conductors at least
partially by determining a magnitude of current through the
LED conductors and determining a magnitude of voltage
across the LED conductors. After step 560, method 550 ends
at step 362.

FIG. 13 illustrates a block diagram 1300 that includes
embodiments of the present mmvention and other standard
components, such as a transformer, dimmer switch, heat
sink, and LED lenses/covers. A transtormer 1302 receives a
transformer input signal 1304 and provides a transformed
output signal 1306. The transformer 1302 may be a magnetic
transformer or an electronic transformer, and the output
signal 1306 may be a low-frequency (i.e. less than or equal
to approximately 120 Hz) AC signal or a high-frequency
(e.g., greater than approximately 120 Hz) AC signal, respec-
tively. The transformer 1302 may be, for example, a 5:1 or
a 10:1 transformer providing a stepped-down 60 Hz output
signal 1306 (or output signal envelope, 1f the transformer
1302 is an electronic transiormer). The transformer output
signal 1306 1s received by circuitry contained imn an LED
module 1308, in accordance with embodiments of the pres-
ent invention, which converts the transformer output signal
1306 1nto a signal suitable for powering one or more LEDs
1310, as explained in greater detail below. In accordance
with embodiments of the invention, and as explained in
more detail below, the LED module 1308 detects the type of
the transformer 1302 and alters 1ts behavior accordingly to
provide a consistent power supply to the LEDs 1310.

In various embodiments, the transformer input signal
1304 may be an AC mains signal 1312, or it may be received
from a dimmer circuit or switch 1314, such as a triac
dimmer. The dimmer circuit may be, for example, a wall
dimmer circuit or a lamp-mounted dimmer circuit. A con-
ventional heat sink 1316 may be used to cool portions of the
LED module 1308. The LED module 1308 and LEDs 1310
may be part of an LED assembly (also known as an LED
lamp or LED “bulb) 1318, which may include aesthetic
and/or functional elements such as lenses 1320 and a cover
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The LED module 1308 may include a rigid member
suitable for mounting the LEDs 1310, lenses 1320, and/or
cover 1320. The ngid member may be (or include) a
printed-circuit board, upon which one or more circuit com-
ponents may be mounted. The circuit components may
include passive components (e.g., capacitors, resistors,
inductors, fuses, and the like), basic semiconductor compo-
nents (e.g., diodes and transistors), and/or itegrated-circuit
chips (e.g., analog, digital, or mixed-signal chips, proces-
sors, microcontrollers, application-specific integrated cir-
cuits, field-programmable gate arrays, etc.). The circuit
components mcluded in the LED module 1308 combine to
adapt the transformer output signal 1306 into a signal
suitable for lighting the LEDs 1320.

A block diagram of one such LED module circuit 1400,

such as may be implemented with or integrated into the LED

module 1308, 1s illustrated in FIG. 14. The LED module
circuit 1400 includes a digital and/or analog processor 1416,
in accordance with embodiments of the present invention,
along with other standard components, such as a rectifier
bridge 1404, regulator IC 1408, LEDs 1412, boost regulator
1414, thermal monitoring 1422, and input/output 1426. One
of skill in the art will understand, however, that other LED
module circuits are within the scope of the present invention
and that embodiments of the invention as implemented using
the processor 1416 are not limited to only the 1illustrated
LED module circuit 1400. The transformer output signal
1306 (from, e.g., transformer 1302) 1s received as an input
signal V. . One or more fuses 1402 may be used to protect
the circuitry of the LED module 1400 from over-voltage or
over-current conditions 1n the mput signal V, . One fuse may
be used on one polarity of the mput signal Vm,, or two fuses
may be used (one for each polarity), as shown 1n the figure.
In one embodiment, the fuses are 1.75-amp fuses.

Rectifier bridge 1404 may be used to rectify the input
signal V. The rectifier bridge 1404 may be, for example, a
tull-wave or halt-wave rectifier, and may use diodes or other
one-way devices to rectity the mput signal V, . The current
invention 1s not limited to any particular type of rectifier
bridge, however, or any type of components used therein. As
one of skill mm the art will understand, any bridge 1404
capable of moditying the AC-like input signal V_ 1n to a
more DC-like output signal 1406 1s compatible with the
current 1nvention.

Regulator IC or LED driver circuit 1408 may be used to
receive the rectifier output 1406 and convert 1t mnto a
regulated output 1410. In one embodiment, the regulated
output 1410 1s a constant-current signal calibrated to drive
the LEDs 1412 at a current level within their tolerance
limaits. In other embodiments, the regulated output 1410 1s a
regulated voltage supply, and may be used with a ballast
(e.g., a resistive, reactive, and/or electronic ballast) to limit
the current through the LEDs 1412.

A DC-to-DC converter may be used to modily the regu-
lated output 1410. In one embodiment, as shown 1n FIG. 14,
boost regulator 1414 1s used to increase the voltage or
current level of the regulated output 1410. In other embodi-
ments, a buck converter or boost-buck converter may be
used. The DC-to-DC converter 1414 may be incorporated
into the regulator IC 1408 or may be a separate component;
in some embodiments, no DC-to-DC converter 1414 may be
present at all.

Processor 1416 1s used, 1in accordance with embodiments
of the current invention, to modily the behavior of the
regulator IC 1408 based at least 1n part on a received signal
1418 from the bridge 1404. In other embodiments, the signal
1418 1s connected directly to the input voltage V. of the
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LED module 1400. The processor 1416 may be a micro-
processor, microcontroller, application-specific integrated
circuit, field-programmable grid array, or any other type of
digital-logic or mixed-signal circuit. The processor 1416
may include dedicated analog or digital circuitry to perform
some or all of the functions of the present invention, as
described below, such as operational amplifiers, analog- or
digital-signal comparators, analog-to-digital or digital-to-
analog converters; 1 other embodiments, the processor
1416 includes an execution unit for executing software or
firmware 1nstructions stored in a non-transitory computer
memory that perform some or all of the functions of the
present invention. One of skill in the art will understand that
the block diagrams and circuits described herein are not
limiting and that embodiments of the present invention may
be implemented 1n a varniety of ways. A block, such as blocks
1502, 1506, 1510, 1512, 1516, 1518, and 1520 of FIG. 15,
may be implemented as a standalone, dedicated circuit, for
example, or combined with one or more other blocks or
separated mto multiple blocks as dedicated circuits. Alter-
natively or in addition, the block may be implemented
wholly or partially as a sequence of computer instructions
executed on the processor 1416. The processor 1416 may be
selected to be low-cost, low-power, for its durability, and/or
for 1ts longevity. An mput/output link 1420 allows the
processor 1416 to send and receive control and/or data
signals to and/or from the regulator 1C 1408. As described
in more detail below, a thermal monitoring module 1422
may be used to monitor a thermal property of one or more
LEDs 1412. The processor 1416 may also be used to track
the runtime of the LEDs 1412 or other components and to
track a current or historical power level applied to the LEDs
1412 or other components. In one embodiment, the proces-
sor 1416 may be used to predict the lifetime of the LEDs
1412 given such mnputs as runtime, power level, and esti-
mated lifetime of the LEDs 1412. This and other information
and/or commands may be accessed via an mput/output port
1426, which may be a senial port, parallel port, JTAG port,
network interface, or any other input/output port architecture
as known 1n the art.

The operation of the processor 1416, 1n accordance with
embodiments of the present ivention, 1s described 1n
greater detail with reference to FIG. 15. An analyzer circuit
1502 recerves the signal 1418 via an mput bus 1504. When
the system powers on and the input signal 1418 becomes
non-zero, the analyzer circuit 1502 begins analyzing the
signal 1418. In one embodiment, the analyzer circuit 1502
examines one or more Irequency components of the mput
signal 1418 by, for example, digitally sampling the input
signal 1418, comparing the signal to a reference frequency
with an analog mixer, or by any other method known 1n the
art. If no significant frequency components exist (i.e., the
power level of any frequency components i1s less than
approximately 5% of a total power level of the signal), the
analyzer circuit determines that the input signal 1418 1s a DC
signal. If one or more frequency components exist and are
less than or equal to approximately 120 Hz, the analyzer
determines that the input signal 1418 1s denived from the
output of a magnetic transformer. For example, a magnetic
transformer supplied by an AC mains voltage outputs a
signal having a frequency of 60 Hz; the processor 1416
receives the signal and the analyzer detects that 1ts frequency
1s less than 120 Hz and concludes that the signal was
generated by a magnetic transformer. I one or more fre-
quency components of the input signal 1418 are greater than
approximately 120 Hz, the analyzer circuit 1502 concludes
that the signal 1418 was generated by an electronic trans-
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former. In this case, the frequency of the signal 1418 may be
significantly higher than 120 Hz (e.g., 50 or 100 kHz).

The analyzer circuit 1502 may employ any frequency
detection scheme known 1n the art to detect the frequency of
the mput signal 1418. For example, the frequency detection
function of the analyzer circuit 1502 may be an analog-
based circuit, such as a phase-frequency detector, or 1t may
be a digital circuit that samples the mmput signal 1418 and
processes the sampled digital data to determine the fre-
quency. In one embodiment, the analyzer circuit 1502
detects a load condition presented by the regulator 1C 1408.
For example, the analyzer circuit 102 may receive a signal
representing a current operating point of the regulator IC
1408 and determine its input load; alternatively, the regula-
tor IC 1408 may directly report 1ts mput load. In another
embodiment, the analyzer circuit 1502 may send a control
signal to the regulator IC 1408 requesting that 1t configure
itsell to present a particular mnput load. In one embodiment,
the processor 1416 uses a dimming control signal, as
explained further below, to vary the load.

The analyzer circuit 1502 may correlate a determined
input load with the frequency detected at that load to derive
further information about the transtormer 1302. For
example, the manufacturer and/or model of the transformer
1302, and in particular an electronic transformer, may be
detected from this information. The analyzer circuit 1502
may include a storage device 1514, which may be a read-
only memory, flash memory, look-up table, or any other
storage device, and contain data on devices, frequencies, and
loads. Addressing the storage device with the one or more
load-frequency data points may result 1n a determination of
the type of the transformer 1302. The storage device 1514
may contain discrete values or expected ranges for the data
stored therein; 1n one embodiment, detected load and {fre-
quency information may be matched to stored values or
ranges; 1n another embodiment, the closest matching stored
values or ranges are selected.

The analyzer circuit 1502 may also determine, from the
input signal 1418, different AC mains standards used 1n
different countries or regions. For example, the United
States uses AC mains having a frequency of 60 Hz, while
Europe has AC mains of 50 Hz. The analyzer circuit 1502
may report this result to the generator circuit 1506, which in
turn generates an appropriate control signal for the regulator
IC 1408. The regulator IC 1408 may include a circuit for
adjusting 1ts behavior based on a detected country or region.
Thus, the LED module circuit 1400 may be country- or
region-agnostic.

The analysis carried out by the analyzer circuit 1502 make
take place upon system power-up, and duration of the
analysis may be less than one second (e.g., enough time to
observe at least 60 cycles of standard AC mains 1nput
voltage). In other embodiments, the duration of the analysis
1s less than one-tenth of a second (e.g., enough time to
observe at least five cycles of AC mains input voltage). This
span of time 1s short enough to be imperceptible, or nearly
imperceptible, to a user. The analysis may also be carried out
at other times during the operation of the LED module; for
example, when the mput supply voltage or frequency
changes by a given threshold, or after a given amount of time
has elapsed.

Once the type of power supply/transiormer 1s determined,
a generator circuit 1506 generates a control signal 1n accor-
dance with the detected type of transformer and sends the
control signal to the regulator IC 1408, via an input/output
bus 1508, through the input/output link 1420. The regulator

IC 1408 may be capable of operating in a first mode that
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accepts a DC 1nput voltage V, , a second mode that accepts
a low-frequency (=120 Hz) input voltage V, , and a third
mode that accepts a high-frequency (>>120 Hz) input voltage
V. . As one of skill in the art will understand, the regulator
IC 1408 may require different rectifiers, filters, or control
systems depending on the type of input and may be capable
of switching modes to suit the type of mnput. The generator
circuit 1506, based on the determination of the analyzer
circuit 1502, instructs the regulator IC 1408 to enter the {first,

second, or third mode. Thus, the LED module 1400 is
compatible with a wide variety of mnput voltages and trans-
former types.

The processor 1416 may also include a dimmer control
circuit 1510, a bleeder control circuit 1512, and/or a thermal
control circuit 1516. The operation of these circuits 1s
explained 1n greater detail below.

The analyzer 1502 and generator 1506 may modily their
control of the regulator IC 1408 based on the absence or
presence of a dimmer and, 1f a dimmer 1s present, an amount
of dimming. A dimmer present 1n the upstream circuits may
be detected by observing the mput voltage 1418 for, e.g.,
clipping, as discussed above with reference to FIG. 20.
Typically, a dimmer designed to work with a magnetic
transformer clips the leading edges of an 1input signal, and a
dimmer designed to work with an electronic transformer
clips the trailing edges of an input signal. The analyzer 1502
may detect leading- or trailing-edge dimming on signals
output by either type of transformer, however, by first
detecting the type of transformer, as described above, and
examining both the leading and trailing edges of the mput
signal.

Once the presence and/or type of dimming have been
detected, the generator 1506 and/or a dimmer control circuit
1510 generate a control signal for the regulator 1C 1408
based on the detected dimming. The dimmer circuit 1510
may 1nclude a duty-cycle estimator 1518 for estimating a
duty cycle of the input signal 1418. The duty-cycle estimator
may include any method of duty cycle estimation known in
the art; 1 one embodiment, the duty-cycle estimator
includes a zero-crossing detector for detecting zero cross-
ings of the mput signal 1418 and deriving the duty cycle
therefrom by, for example, comparing the zero-crossing time
to the period. As discussed above, the input signal 1418 may
include high-frequency components 11 it 1s generated by an
clectronic transformer; in this case, a filter may be used to
remove the high-frequency zero crossings. For example, the
filter may remove any consecutive crossings that occur
during a time period smaller than a predetermined threshold
(e.g., less than one millisecond). The filter may be an analog
filter or may be implemented 1n digital logic 1n the dimmer
control circuit 1510.

In one embodiment, the dimmer control circuit 1510
derives a level of intended dimming from the iput voltage
1418 and translates the intended dimming level to the output
control signal 1420. The amount of dimming 1n the output
control signal 1420 may vary depending on the type of
transformer used to power the LED module 1400.

For example, 1f a magnetic transformer 1302 is used, the
amount of clipping detected 1n the input signal 1418 (1.¢., the
duty cycle of the signal) may vary from no clipping (i.e.,
approximately 100% duty cycle) to full clipping (i.e.,
approximately 0% duty cycle). An electronic transformer
1302, on the other hand, requires a minimum amount of load
to avoid the under-load dead time condition discussed
above, and so may not support a lower dimming range near
0% duty cycle. In addition, some dimmer circuits (e.g., a
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10%-90% dimmer circuit) consume power and thus prevent
downstream circuits from recerving the full power available
to the dimmer.

In one embodiment, the dimmer control circuit 1510
determines a maximum setting of the upstream dimmer 1314
(1.., a setting that causes the least amount of dimming). The
maximum dimmer setting may be determined by direct
measurement of the mput signal 1418. For example, the
signal 1418 may be observed for a period of time and the
maximum dimmer setting may equal the maximum observed
voltage, current, or duty cycle of the input signal 1418. In
one embodiment, the input signal 1418 1s continually moni-
tored, and if 1t achieves a power level higher than the current
maximum dimmer level, the maximum dimmer level 1is
updated with the newly observed level of the imput signal
1418.

Alternatively or 1n addition, the maximum setting of the
upstream dimmer 1314 may be derived based on the
detected type of the upstream transformer 1302. In one
embodiment, magnetic and electronic transformers 1302
have similar maximum dimmer settings. In other embodi-
ments, an electronic transformer 1302 has a lower maximum
dimmer setting than a magnetic transformer 1302.

Similarly, the dimmer control circuit 1510 determines a
minimum setting of the upstream dimmer 1314 (i.e., a
setting that causes the most amount of dimming). Like the
maximum dimmer setting, the minimum setting may be
derived from the detected type of the transformer 1314
and/or may be directly observed by monitoring the input
signal 1418. The analyzer circuit 1502 and/or dimmer con-
trol circuit 1510 may determine the manufacturer and model
of the electronic transtormer 1314, as described above, by
observing a frequency of the mput signal 1418 under one or
more load conditions, and may base the minimum dimmer
setting at least in part on the detected manufacturer and
model. For example, a mimimum load value for a given
model of transformer may be known, and the dimmer
control circuit 1510 may base the minimum dimmer setting
on the mimmimum load value.

Once the full range of dimmer settings of the input signal
1418 1s derived or detected, the available range of dimmer
input values 1s mapped or translated 1nto a range of control
values for the regulator IC 1408. In one embodiment, the
dimmer control circuit 1510 selects control values to provide
a user with the greatest range of dimming settings. For
example, 11 a 10%-90% dimmer 1s used, the range of values
for the input signal 1418 never approaches 0% or 100%, and
thus, 1n other dimmer control circuits, the LEDs 1412 would
never be fully on or fully off. In the present invention,
however, the dimmer control circuit 1510 recognizes the
90% value of the input signal 1418 as the maximum dimmer
setting (1.e., 100%) and outputs a control signal to the
regulator IC 1408 1nstructing it to power the LEDs 1412 to
tull brightness. Similarly, the dimmer control circuit 1510
translates the 10% minimum value of the input signal 1418
to a value producing fully-off LEDs 1412 (1.e., 0%). In other
words, 1n general, the dimmer control circuit 1510 maps an
available, non-maximum range of dimming of the input
signal 1418 (in this example, 10%-90%) onto a {full
0%-100% output dimming range for controlling the regula-
tor IC 1408. One of skill in the art will understand that this
translation of the range may be accomplished by a varniety of
circuits, such as an analog amplifier or digital-signal pro-
CESSOL.

In one embodiment, as the upstream dimmer 1314 1s
adjusted to a point somewhere between its minimum and
maximum values, the dimmer control circuit 1510 varies the
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control signal 1420 to the regulator IC 1408 proportionately.
In other embodiments, the dimmer control circuit 1510 may
vary the control signal 1420 linearly or logarithmically, or
according to some other function dictated by the behavior of
the overall circuit, as the upstream dimmer 1314 1s adjusted.
Thus, the dimmer control circuit 1510 may remove any
inconsistencies or nonlinearities 1n the control of the
upstream dimmer 1314. In addition, as discussed above, the
dimmer control circuit 1510 may adjust the control signal
1420 to avoid flickering of the LEDs 1412 due to an
under-load dead time condition. In one embodiment, the
dimmer control circuit 1510 may minimize or eliminate
flickering, yet still allow the dimmer 1314 to completely
shut off the LEDs 1412, by transitioning the LEDs quickly
from their lowest non-flickering state to an oil state as the
dimmer 1314 1s fully engaged.

The generator circuit 1506 and/or dimmer control circuit
1510 may output any type of control signal appropnate for
the regulator IC 1408. For example, the regulator IC may
accept a voltage control signal, a current control signal,
and/or a pulse-width modulation control signal. In one
embodiment, the generator 1506 sends, over the bus 1420,
a voltage, current, and/or pulse-width modulated signal that
1s directly mixed or used with the output signal 1410 of the
regulator IC 1408. In other embodiments, the generator 1506
outputs digital or analog control signals appropriate for the
type of control (e.g., current, voltage, or pulse-width modu-
lation), and the regulator 1IC 1408 modifies its behavior 1n
accordance with the control signals. The regulator 1C 1408
may implement dimming by reducing a current or voltage to
the LEDs 1412, within the tolerances of operation for the
LEDs 1412, and/or by changing a duty cycle of the signal
powering the LEDs 1412 using, for example, pulse-width
modulation.

In computing and generating the control signal 1420 for
the regulator IC 1408, the generator 1506 and/or dimmer
control circuit 1510 may also take 1nto account a consistent
end-user experience. For example, magnetic and electronic
dimming setups produce different duty cycles at the top and
bottom of the dimming ranges, so a proportionate level of
dimming may be computed differently for each setup. Thus,
for example, 11 a setting of the dimmer 1314 produces 50%
dimming when using a magnetic transformer 1302, that
same setting produces 50% dimming when using an elec-
tronic transformer 1302.

As described above, a bleeder circuit may be used to
prevent an electronic transtormer from falling into an ULDT
condition. But, as further described above, bleeder circuits
may be ineflicient when used with an electronic transformer
and both ineflicient and unnecessary when used with a
magnetic transformer. In embodiments of the current inven-
tion, however, once the analyzer circuit 1502 has determined
the type of transformer 1302 attached, a bleeder control
circuit 1512 controls when and if the bleeder circuit draws
power. For example, for DC supplies and/or magnetic trans-
formers, the bleeder 1s not turned on and therefore does not
consume power. For electronic transformers, while a bleeder
may sometimes be necessary, 1t may not be needed to run
every cycle.

The bleeder control circuit 1512 may be needed during a
cycle only when the processor 1416 1s trying to determine
the amount of phase clipping produced by a dimmer 1314.
For example, a user may change a setting on the dimmer
1314 so that the LEDs 1412 become dimmer, and as a result
the electronic transformer may be at risk for entering an
ULDT condition. A phase-clip estimator circuit 1520 and/or
the analyzer circuit 1502 may detect some of the clipping
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caused by the dimmer 1314, but some of the clipping may
be caused by ULDT; the phase-clip estimator 1520 and/or
analyzer 1502 may not be able to initially tell one from the
other. One of skill 1n the art will understand that the amount
of clipping may be found by, for example, detecting the
times of rising edges and comparing that time to the period
of the signal. Thus, in one embodiment, when the analyzer
1502 detects a change 1n a clipping level of the mput signal
1418, but before the generator 1506 makes a corresponding,
change 1n the control signal 1420, the bleeder control circuit
1512 engages the bleeder. While the bleeder 1s engaged, any
changes in the clipping level of the mput signal 1418 are a
result only of action on the dimmer 1314, and the analyzer
1502 and/or dimmer control circuit 1510 react accordingly.
The delay caused by engaging the bleeder may last only a
tew cycles of the mput signal 1418, and thus the lag between
changing a setting of the dimmer 1314 and detecting a
corresponding change in the brightness of the LEDs 1412 1s
not perceived by the user.

In one embodiment, the phase-clip estimator 1520 moni-
tors preceding cycles of the mnput signal 1418 and predict at
what point 1n the cycle ULDT-based clipping would start (if
no bleeder were engaged). For example, referring back to
FIG. 19, ULDT-based clipping 1906 for a light load 1902
may occur only 1n the latter half of a cycle; during the rest
of the cycle, the bleeder 1s engaged and drawing power, but
1s not required. Thus, the processor 1416 may engage the
bleeder load during only those times 1t 1s needed—slightly
before (e.g., approximately 100 .mu.s before) the clipping
begins and shortly after (e.g., approximately 100 microsec-
onds after) the clipping ends.

Thus, depending on the amount of ULDT-based clipping,
the bleeder may draw current for only a few hundred
microseconds per cycle, which corresponds to a duty cycle
of less than 0.5%. In this embodiment, a bleeder designed to
draw several watts incurs an average load of only a few tens
of milliwatts. Therefore, selectively using the bleeder allows
for highly accurate assessment of the desired dimming level
with almost no power penalty.

In one embodiment, the bleeder control circuit 1512
engages the bleeder whenever the electronic transformer
1302 approaches an ULDT condition and thus prevents any
distortion of the transformer output signal 1306 caused
thereby. In another embodiment, the bleeder control circuit
1512 engages the bleeder circuit less frequently, thereby
saving further power. In this embodiment, while the bleeder
control circuit 1512 prevents premature cutoll of the elec-
tronic transformer 1302, its less-frequent engaging of the
bleeder circuit allows temporary transient effects (e.g.,
“clicks”) to appear on the output 1306 of the transformer
1302. The analyzer 1502, however, may detect and filter out
these clicks by mstructing the generator 1506 not to respond
to them.

The processor 1416, having power control over the regu-
lator IC 1408, may perform thermal management of the
LEDs 1412. LED lifetime and lumen maintenance 1s linked
to the temperature and power at which the LEDs 1412 are
operated; proper thermal management of the LEDs 1412
may thus extend the life, and maintain the brightness, of the
LEDs 1412. In one embodiment, the processor 1416 accepts
an 1nput 1424 from a temperature sensor 1422. The storage
device 1514 may contain maintenance data (e.g., lumen
maintenance data) for the LEDs 1412, and a thermal control
circuit 1516 may receive the temperature sensor mput 1424
and access maintenance data corresponding to a current
thermal operating point of the LEDs 1412. The thermal
control circuit 1516 may then calculate the safest operating
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point for the brightest LEDs 1412 and instruct the generator
1506 to increase or decrease the LED control signal accord-
ingly.

The thermal control circuit 1516 may also be used in
conjunction with the dimmer control circuit 1510. A desired
dimming level may be merged with thermal management
requirements, producing a single brightness-level setting. In
one embodiment, the two parameters are computed 1nde-
pendently (1n the digital domain by, e.g., the thermal control
circuit 1516 and/or the dimmer control circuit 1510) and
only the lesser of the two 1s used to set the brightness level.
Thus, embodiments of the current invention avoid the case
in which a user dims a hot lamp—i.e., the lamp brightness
1s aflected by both thermal limiting and by the dimmer—
later to find that, as the lamp cools, the brightness level
increases. In one embodiment, the thermal control circuit
1516 “normalizes™ 100% brightness to the value defined by
the sensed temperature and instructs the dimmer control
circuit 1510 to dim from that standard.

Some or all of the above circuits may be used in a manner
illustrated 1n a flowchart 1600 shown in FIG. 16. The
processor 1416 1s powered on (Step 1602), using 1ts own
power supply or a power supply shared with one of the other
components 1n the LED module 1400. The processor 1416
1s 1mitialized (Step 1604) using techniques known 1n the art,
such as by setting or resetting control registers to known
values. The processor 1416 may wait to receive acknowl-
edgement signals from other components on the LED mod-
ule 1400 before leaving 1nmitialization mode.

The processor 1416 inspects the mmcoming rectified AC
wavelorm 1418 (Step 1606) by observing a few cycles of 1t.
As described above, the analyzer 1502 may detect a 1fre-
quency of the input signal 1418 and determine the type of
power source (Step 1608) based thereon. If the supply 1s a
magnetic transformer, the processor 1416 measures the
zero-crossing duty cycle (Step 1610) of the imnput wavelform
(1.e., the processor 1416 detects the point where the 1nput
wavelorm crosses zero and computes the duty cycle of the
wavelorm based thereon). If the supply 1s an electronic
transformer, the processor 1416 tracks the waveform 1418
and syncs to the zero crossing (Step 1612). In other words,
the processor 1416 determines which zero crossings are the
result of the high-frequency electronic transformer output
and which zero crossings are the result of the transformer
output envelop changing polarity; the processor 1416 dis-
regards the former and tracks the latter. In one embodiment,
the processor 1416 engages a bleeder load just prior to a
detected zero crossing (Step 1614) 1n order to prevent a
potential ULDT condition from influencing the duty cycle
computation. The duty cycle 1s then measured (Step 1616)
and the bleeder load 1s disengaged (Step 1618).

At this point, whether the power supply 1s a DC supply or
a magnetic or electronic transformer, the processor 1416
computes a desired brightness level based on a dimmer (Step
1620), 11 a dimmer 1s present. Furthermore, 1f desired, a
temperature of the LEDs may be measured (Step 1622).
Based on the measured temperature and LED manufacturing
data, the processor 1416 computes a maximum allowable
power for the LED (Step 1624). The dimmer level and
thermal level are analyzed to compute a net brightness level;
in one embodiment, the lesser of the two 1s selected (Step
1626). The brightness of the LED 1s then set with the
computed brightness level (Step 1628). Periodically, or
when a change i1n the input signal 1418 i1s detected, the
power supply type may be checked (Step 1630), the duty
cycle of the input, dimming level, and temperature are
re-measured and a new LED brightness 1s set.

5

10

15

20

25

30

35

40

45

50

55

60

65

26

The terms and expressions employed herein are used as
terms and expressions of description and not of limitation,
and there 1s no intention, in the use of such terms and
expressions, of excluding any equivalents of the features
shown and described or portions thereof. In addition, having
described certain embodiments of the invention, 1t will be
apparent to those of ordinary skill in the art that other
embodiments incorporating the concepts disclosed herein
may be used without departing from the spirit and scope of
the invention. Accordingly, the described embodiments are
to be considered 1n all respects as only illustrative and not
restrictive.

The terms and expressions employed herein are used as
terms and expressions of description and not of limitation,
and there 1s no intention, in the use of such terms and
expressions, of excluding any equivalents of the features
shown and described or portions thereof. In addition, having
described certain embodiments of the invention, 1t will be
apparent to those of ordinary skill in the art that other
embodiments incorporating the concepts disclosed herein
may be used without departing from the spirit and scope of
the invention. Accordingly, the described embodiments are
to be considered 1n all respects as only illustrative and not
restrictive.

Each of the various elements disclosed herein may be
achieved 1n a variety of manners. This disclosure should be
understood to encompass each such variation, be 1t a varia-
tion of an embodiment of any apparatus embodiment, a
method or process embodiment, or even merely a variation
of any element of these. Particularly, it should be understood
that the words for each element may be expressed by
equivalent apparatus terms or method terms—even 11 only
the function or result 1s the same. Such equivalent, broader,
or even more generic terms should be considered to be
encompassed in the description of each element or action.
Such terms can be substituted where desired to make explicit
the implicitly broad coverage to which this mvention 1s
entitled.

As but one example, 1t should be understood that all
action may be expressed as a means for taking that action or
as an element which causes that action. Similarly, each
physical element disclosed should be understood to encom-
pass a disclosure of the action which that physical element
facilitates. Regarding this last aspect, by way of example
only, the disclosure of a reflector should be understood to
encompass disclosure of the act of reflecting—whether
explicitly discussed or not—and, conversely, were there
only disclosure of the act of reflecting, such a disclosure
should be understood to encompass disclosure of a “reflector
mechanism™. Such changes and alternative terms are to be
understood to be explicitly included in the description.
The previous description of the disclosed embodiments
and examples 1s provided to enable any person skilled 1n the
art to make or use the present invention as defined by the
claims. Thus, the present invention 1s not intended to be
limited to the examples disclosed herein. Various modifica-
tions to these embodiments will be readily apparent to those
skilled 1n the art, and the generic principles defined herein
may be applied to other embodiments without departing
from the spirit or scope of the mvention as claimed.

What 1s claimed 1s:
1. A thermal-management circuit for an LED, the circuit
comprising;
a temperature sensor configured to sense a {irst thermal
operating point and generate a temperature signal
indicative of the first thermal operating point;
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a power supply configured to provide a forward drive
current to power the LED, the forward drive current
having a first LED operating current component;

a sensor for detecting the first LED operating current
component; and
a processor configured to:

receive the temperature signal from the temperature
SEnsor;

receive a signal indicative of the first LED operating
current component;

determine a thermal operating range of the LED;

responsive to receiving the temperature signal from the
temperature sensor, responsive to determining the
thermal operating range of the LED, and responsive
to receiving the signal indicative of the first LED
operating current component, determine that the first

thermal operating point of the LED 1s outside the

thermal operating range of the LED; and

generate a first control setting configured to adjust the

first LED operating current component to a second

LED operating current component, and to cause the

LED to be driven at a second thermal operating
point, the second thermal operating point within the
thermal operating range.

2. The thermal-management circuit of claim 1, wherein
the second thermal operating point 1s selected to cause the
LED to operate as brightly as possible within the thermal
operating range.

3. The thermal-management circuit of claim 1, further
comprising a storage device for storing the thermal operat-
ing range of the LED.

4. The thermal-management circuit of claim 3, wherein
the storage device comprises a look-up table.

5. The thermal-management circuit of claim 1, further
comprising a dimmer control circuit for dimming the LED
in accordance with a dimmer setting; and wherein

the processor 1s configured to:

receive an mput signal indicative of an mput voltage from
the dimmer control circuit:

responsive to the iput signal from the dimmer control
circuit, generate a second control setting configured to
cause the LED to operate at a single brightness-level
setting;

compare the first control setting and the second control
setting; and

responsive to comparing, generate a control signal to
drive the LED based on the lesser of the first control
setting and the second control setting.

6. The thermal-management circuit of claim 1, further
comprising a comparison circuit for selecting the least one
of:

a control setting associated with the dimmer setting;

a control setting associated with the first thermal operat-

ing point; and

a control setting associated with the thermal operating
range; and wherein

the processor 1s configured to generate a control signal
based at least 1n part on the selection of the comparison
circuit.

7. The thermal-management circuit of claim 1, wherein:

the processor 1s configured to receive a rectified signal
from a first transformer, the rectified signal indicative
of a rectified power output by the first transformer;

the circuit further comprises a regulator 1C configured to
receive the rectified power output from the first trans-
former and convert the rectified power output into a
regulated power output, the rectified power output

10

15

20

25

30

35

40

45

50

55

60

65

28

having one of a first frequency component or a second
frequency component; and an mmput/output link cou-
pling the processor to the regulator 1C; wherein
the processor 1s configured to:
responsive to receiving the rectified signal from the first
transformer, determine that the first transformer 1s one
of a magnetic transformer having the first frequency
component or an electronic transformer having the
second frequency component, and generate a first con-
trol signal to instruct the regulator IC to operate 1n a
mode that 1s compatible with the one of the magnetic
transformer or the electronic transformer.
8. The thermal-management circuit of claim 1, wherein:
the processor 1s configured to:
receive an nput signal indicative of a dimmer setting of
greater than O percent of a full 0-100 percent range of
dimming and less than 100 percent of the full 0-100
percent range of dimming;
responsive to recerving the mput signal, determine the tull
0-100 percent range of dimming; and
generate the first control setting, wherein the first control
setting 1s within the full 0-100 percent range of dim-
ming.
9. The thermal-management circuit of claim 8, further
comprising;
a duty-cycle estimator for estimating a duty cycle of the
input signal;
an analyzer for determining whether the mput signal was
produced using an electronic or a magnetic trans-
former;
the processor 1s configured to:
estimate a duty cycle of the mput signal;
determine that the input signal was produced by one of an
clectronic transformer or a magnetic transformer; and
responsive to determining, generate a control signal to
cause the circuit to operate 1n a mode that 1s compatible
with the one of the magnetic transformer or the elec-
tronic transiormer.
10. The thermal-management circuit of claim 1, wherein:
the processor further comprises a generator circuit and 1s
configured to generate a first control setting configured
to adjust the forward drive current down, based on a
comparison of the first LED operating current compo-
nent with a threshold LED operating current compo-
nent at a maximum sale operating condition; whereby
the thermal-management circuit 1s configured to yield an
LED operating lifetime of at least a predetermined
value.
11. A method of performing thermal management for an
LED, the method comprising:
providing a forward drive current to power the LED, the
forward drive current having a first LED operating
current component;
detecting the first LED operating current component;
sensing a first thermal operating point of the LED;
generating a temperature signal indicative of the first
thermal operating point;
determining a thermal operating range of the LED;
determining that the first thermal operating point of the
LED 1s outside the thermal operating range of the LED;
and
generating a {irst control setting configured to cause the
LED to be driven at a second operating point, the
second thermal operating point within the thermal
operating range.
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12. The method of claim 11, wherein determining the
thermal operating range of the LED comprises referencing a
look-up table.

13. The method of claim 12, wherein the lookup table
comprises LED thermal-power data.

14. The method of claim 11, further comprising:

receiving an input signal indicative of an mput voltage

from a dimmer control circuit;

responsive to receiving the input signal from the dimmer

control circuit, generating a second control setting
configured to cause the LED to operate at a single
brightness-level setting;

comparing the first control setting and the second control

setting; and

responsive to the comparing, generating a control signal

configured to drive the LED based on the lesser of the
first control setting and the second control setting.

15. The method of claim 14, further comprising:

selecting the lowest of a brightness setting associated with
the dimmer setting, a brightness setting associated with
the first thermal operating point, and a brightness
setting associated with the thermal operating range; and
wherein

generating the control signal 1s responsive to the select-

ng.

16. The method of claim 11, wherein generating the first
control setting comprises generating a control setting con-
figured to drive the LED at 1ts maximum brightness level
within the thermal operating range.
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17. The method of claim 11, further comprising receiving

an 1nput signal indicative of a dimmer setting; and wherein

generatmg a first control setting 1s responsive to the
receiving.

18. The method of claim 17, wherein the selecting 1s
performed by comparing digital identifiers associated with
respective ones of the brightness setting associated with the
dimmer setting, the brightness setting associated with the
first thermal operating point, and the brightness setting
associated with the thermal operating range.

19. The method of claim 11, further comprising:

recerving an mput signal indicative of a dimmer setting of

greater than O percent of a full 0-100 percent range of
dimming and less than 100 percent of the full 0-100
percent range of dimming;

responsive to recerving the mput signal, determining the

tull 0-100 percent range of dimming; and

generating the first control setting, wherein the first con-

trol setting 1s withun the full 0-100 percent range of
dimming.

20. The method of claim 18, further comprising:

estimating a duty cycle of the mput signal;

determiming that the input signal was produced by one of

an electronic transformer or a magnetic transformer;
and

responsive to determining, generating a control signal to

cause the LED to operate 1n a mode that 1s compatible
with the one of the magnetic transformer or the elec-
tronic transiormer.
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